Abstract: Aerosol particles are the major contributor to the deterioration of air quality in China's capital, Beijing. Using ground-based sun photometer observations from 2005 to 2014, the long-term variations in optical properties and microphysical properties of aerosol in and around Beijing were investigated in this study. The results indicated little inter-annual variations in aerosol optic depth (AOD) but an increase in the fine mode AODs both in and outside Beijing. Furthermore, the single scattering albedo in urban Beijing is larger, while observations at the site that is southeast of Beijing suggested that the aerosol there has become more absorbing. The intra-annual aspects were as follow: The largest AOD and high amount of fine mode aerosols are observed in the summer. However, the result of air pollution index (API) that mainly affected by the dry density of near-surface aerosol indicated that the air quality has been improving since 2006. Winter and spring were the most polluted seasons considering only the API values. The inconsistency between AOD and API suggested that fine aerosol particles may have a more important role in the deterioration of air quality and that neglecting particulate matter with aerodynamic diameter less than 2.5 µm (PM 2.5 ) in the calculation of API might not be appropriate in air quality evaluation. Through analysis of the aerosol properties in high API days, the results suggested that the fine mode aerosol, especially PM 2.5 has become a major contributor to the aerosol pollution in Beijing.
Introduction
Aerosol is an important component of the atmosphere that affects the environment [1] [2] [3] , weather [4] , climate [5] and even human health [6] [7] [8] . Thus, monitoring aerosol properties via both ground-based observations and satellite observations has become important [4, 9, 10] . However, monitoring aerosol properties, including aerosol optic depth (AOD), size distributions, and single scattering albedo (SSA), is a difficult task as remote sensing techniques obtain aerosol properties through measuring direct solar radiance and sky scattering signals [11] . For ground-based observations, AOD can be measured with high accuracy, while the accuracies of size distribution and single scattering albedo are not as high quality as AOD. For satellite observations, the utilization of weak backscattering
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AERONET Observations
The AERONET observations, including more than 400 stations worldwide, provided aerosol properties inversions by fitting the sun radiance and the angular distribution of sky radiance at four wavelengths (440 nm, 675 nm, 870 nm and 1020 nm) to the successive order scattering (SOS) radiative transfer model. The AOD for each band is calculated under direct sun radiance at cloud-free conditions by eliminating gaseous absorption, and molecular scattering as follow:
τ aerosol pλq " τ total pλq´τ gas pλq´τ molecular pλq (1) where τ total pλq is the total optic depth of the atmosphere, τ aerosol pλq is the AOD, and τ gas pλq and τ molecular pλq are the optic depth of gas absorption and molecular scattering, respectively [44] . The estimation of the inversion of micro properties of aerosol involves the Ångström exponent (α), volume size distribution, SSA and refractive index. The Ångström exponent is estimated by using two wavelengths, 870 nm and 440 nm, as it is more stable than that estimated using 675 nm and 440 nm:
For other properties, a statistical optimized algorithm was developed to estimate simultaneously the volume size distribution, SSA and refractive index [44, 45] . AOD estimation, which is mainly dependent on the direct sun radiance, has an accuracy of 0.01-0.02. For SSA, the uncertainty ranges between 0.03 and 0.07. The volume size distribution's uncertainty depends on the radius of aerosol particle [17] .
In the Beijing region, long-term monitoring of aerosol properties has been carried out at two sites since March 2001: Beijing (39˝58 1 37 2 N, 116˝22 1 51 2 E) and Xianghe (39˝45 1 14 2 N, 116˝57 1 43 2 E). The retrieval parameters included AOD, volume size distributions, single scattering properties, refractive index, Ångström parameters, and fraction of spherical aerosol component. These long-term retrieval results provided by AERONET enable the analysis of the aerosol properties in Beijing.
Although these two sites provide the longest historical data about aerosol properties in Beijing, some data were missing due to several reasons such as weather limitations (on cloudy and rainy days), and equipment failure. For the Xianghe site, although the first public release of data began from March 2001, the data from May 2001 to August 2004 were not released. Therefore, the continuous observations from Xianghe site began from September 2004. Similarly, the continuous data from the Beijing site began April 2002 and ended in October 2014. As a result, the data from 2005 to 2014 were downloaded and analyzed in this study. There are three levels of aerosol retrieval data provided by AERONET: Level 1.0, Level 1.5, and Level 2.0. Level 1.0 provides data on direct inversion of aerosol properties without sufficient quality check. Level 1.5 data enable cloud screening and additional quality control, including data quality checks, triplet stability criterion check, diurnal stability check and three standard deviation criteria check to exclude clouds [46] . Level 2.0 data enable more rigorous quality checks including instrument performance check, temperature sensor check, calibration check, aerosol optical depth spectral dependency check, cloud contamination check, consistency check and historical data impact check [17] . In this paper, in order to provide sufficient and high quality data for analysis, level 1.5 AERONET retrieval data were selected and downloaded. Due to cloud contamination, instrument failure, bad weather conditions, and other issues, there might not be sufficient data to enable daily aerosol property retrieval. Therefore, the data for a few months are insufficient to be representative. Considering the representativeness of the retrieval results, we selected data for seasons with more than 40 successful daily retrievals. The data are summarized in Table 1 . The seasonal retrieval results that are less than 40 are marked in bold in the table; data for these seasons were not included in the analysis. In addition to the AERONET observation data, the air quality monitoring data were also included in in study. Since 2000, Beijing began to report daily air quality publicly at the request of the former State Environmental Protection Agency of China (now the Ministry of Environmental Protection of China) on its official [47] ; the daily air pollution index (API) was calculated by taking into account PM 10 , SO 2 and NO 2 . From January 2013, a new National Ambient Air Quality Standard was adopted for air quality monitoring by taking into account PM 2.5 , PM 10 , O 3 , SO 2 , NO 2 and CO to monitor the air quality efficiently.
Before 2013, the API was the only public available long-term air quality monitoring data. The first step to calculate API is to calculate the individual API (IAPI) of each pollutant (i.e., PM 10 , SO 2 , NO 2 ) as follows:
I API P " I API Hi´I API Lo BP Hi´B P Lo pC P´B P Lo q`I API Lo (3) where IAPI p is the individual air pollution index for pollutant P, C p is the concentration of pollutant P, BP Hi and BP Lo are, respectively, the nearby high and low values of C p shown in Table 1 , and IAPI Hi and IAPI Lo are, respectively, the individual air pollution indexes in terms of BP Hi and BP Lo shown in Table 2 .
After calculating the IAPI of each pollutant, the daily API was then calculated by:
API " maxpI API PM10 , I API SO 2 , I API NO 2 q
As there are no publicly available long-term data on particulate matter concentrations, the daily average PM 10 concentrations were back-calculated using Equation (3), as the PM 10 is the most frequent primary pollutants in Beijing without considering PM 2.5 [48] .
After 2013, real-time monitoring data for six pollutants (PM 2.5 , PM 10 , O 3 , SO 2 , NO 2 and CO) were released by the Ministry of Environmental Protection of China in a national web-platform [49] for Beijing and other major cities in China. By deploying a web-based downloadable program, the real-time monitoring data in Beijing were obtained to calculate the daily average concentrations of particulate matters. 
Results
Aerosol Optic Depth (AOD) Trends
The AOD from 2005 to 2014 of Beijing and Xianghe sites in four bands (440 nm, 675 nm, 870 nm and 1020 nm) are shown in Figures 1 and 2 respectively. For the Beijing site, the average AOD for 440 nm, 675 nm, 870 nm and 1020 nm in spring, summer, autumn, winter and annual average values are summarized in Table 3 and shown in Figure 1a . In intra-annual aspect, summer usually has the highest average AOD as reported in some previous studies [50] [51] [52] , followed by spring, autumn and winter. The largest seasonal averaged AOD in 440 nm is 1.33 compared to previous report of 0.93 [53] . In inter-annual aspect, AOD decreased in the period from 2005 to 2009 (´0.034 per year, p < 0.10) and then increased in 2010 and 2011 (0.088 per year, p < 0.05), followed by a decrease from 2012 to 2014 (´0.052 per year, p < 0.05). The result is similar to that suggested in [54] , which showed an AOD decrease in the range of 2007 to 2010 that might be caused by the efforts made by Chinese government for the preparation of Olympic Games in 2008. The decreasing trend is also shown in [55] with level 2.0 products. During these three periods, the AOD in summer varied most significantly while the variations in other seasons were less significantly.
For the Xianghe site, the average AOD for 440 nm, 675 nm, 870 nm, and 1020 nm in spring, summer, autumn, winter, and annual average values are summarized in Table 4 and shown in Figure 2a In retrieval of aerosol optical properties, it is common to assume that aerosol consists of two components: fine mode and coarse mode aerosol, which are mainly distinguished by their particle sizes. For Beijing with various aerosol sources (local, coarse particles from the north and fine particles from the south), it is important to investigate the fine mode aerosol contribution to the total aerosol optic depth. Figure 3 shows the fine mode aerosol for the Beijing site from 2005 to 2014. In most years, summer has the largest fine mode AOD while the rest other seasons' fine mode AODs are comparable. While considering fine mode fraction, almost all four seasons' fine mode fractions were larger than 50%, even more than 70% for summer. These results suggested that the fine mode aerosol is the major component in the aerosol of Beijing area in all four seasons especially in summer. The trends at the Xianghe site as shown in Figure 4 are similar to those at the Beijing site with even larger fine mode fraction in this site; this suggests that the Xianghe site is more affected by fine mode aerosol (r = 0.952, p < 0.01). 
Ångström Exponent (α)
The Ångström exponent (α) is an aerosol optic parameter that is defined based on the spectral differences in AOD and wavelengths, as shown in Equation (1). In AERONET retrieval results, the Ångström exponent is calculated by two typical bands, while the most widely used Ångström exponent calculated is that computed using 440 and 870 nm. Furthermore, the AOD products in most remote sensing retrieval products, e.g., MODIS, and MISR are normalized to 550 nm, while most AERONET equipment does not include the 550 nm band. To effectively validate the satellite AOD products at 550 nm, α is used to interpolate the AOD for 550 nm for AERONET retrievals. α (675-440 nm) seems to be the best choice to interpolate, as the two bands are the two nearest bands of 550 nm. However, α (675-440 nm) is not stable enough to use in the analysis. Therefore, α (870-440 nm) is the most commonly used Ångström exponent in analysis recommended in many studies [19, 56] . Besides particle size distribution with volume concentrations in 22 radius bins, which specifically show the coarse/fine aerosol distributions, α is another basic measure of the aerosol size distribution for simply and quickly recognizing dust aerosols: the smaller α is, the larger the size of aerosol particles is [57] . α is usually in the range of 0 to 2. Small α to around 0 usually means that the aerosol particles are mainly large with dust particles, while large α to around 2 means aerosol particles are mostly fine mode. α < 0.6 indicates the dust aerosol [17, 50, 56] . 2) in 2014 for the Beijing site (Xianghe site), suggesting that during the past 10 years, fine mode aerosol loading at both the Beijing and Xianghe sites has been increasing gradually. The Xianghe site is more likely to be affected by the sources in the Hebei province, and has more amount of fine mode aerosol than the Beijing site. In seasonal aspects, spring has obvious lower α, while the other seasons' α are comparable under most circumstances at the Beijing site. For the Xianghe site, the situation is slightly different: spring usually has the lowest α, except in 2009. Unlike the Beijing site, α in the other three seasons at the Xianghe site are different: winters usually have a lower α than summer and autumn, whose α are comparable.
Typically, coarse mode aerosol has larger value of α. The reason for this is that as the wavelength increases, the extinction caused by both coarse and fine particles will change, and this is the basic principle for the dark target retrieval of MODIS AOD product by assuming the aerosol has nearly negligible effects on the extinction at 2.1 µm band [4, 9, 10] . Typically, through MIE simulation of specific size distribution and refractive indices, α can be obtained. Although α can be seen as one basic term for the particle size classification, it is sometimes not enough to use α to define the aerosol particles, as suggested in [58] . There is some overlap between the values of α for several typical aerosol types, such as dust, maritime, and biomass. Therefore, combining α and α difference might be a useful tool for aerosol classification. Therefore, to more accurately distinguish the properties of aerosol, the volume size distribution and fine mode fraction data might be useful. 
Volume Size Distribution
The retrieval of aerosol volume size distribution was conducted for certain situations (e.g., AOD 440 > 0.05, solar zenith angle ě 45˝, and sky residual < 5%). The retrieval of volume size distribution divided the aerosol particle ranges into 22 bins, from 0.05 to 15 µm, with direct and scattering signals of the 440, 675, 870, and 1020 nm bands. It is obvious that these bands' signals are sensitive to those aerosol particles whose sizes are comparable to the wavelength. Therefore, for those aerosol particles whose radii are far larger or smaller than these four bands, the volume size distribution retrieval errors are much larger. In particular, for particle size ranges (0.1-7 µm) comparable to the four retrieval bands' wavelengths, the retrieval errors do not exceed 10% at 7 µm and 35% at 0.1 µm. However, for the two edges (0.05-0.1 µm and 7-15 µm), the retrieval error may increase to 80%-100% [44] . Despite the high uncertainty of volume size distribution retrieval, it remains a powerful tool for the aerosol particle analysis in the optical remote sensing area.
Volume size distribution, demonstrated by dv{dlnr in 22 radius bins, is an effective tool to investigate the particle size distribution of aerosol particles. The seasonal variations in volume size distribution from 2005 to 2014 for the Beijing and Xianghe sites are shown in Figure 6 . According to Table 1 , seasonal retrievals with daily averages number less than 40 are neglected considering their representativeness, therefore, 10 seasonal data for the Beijing site and five seasonal data for the Xianghe site are removed from Figure 6 . For both sites, spring showed the highest coarse mode aerosol volume concentrations, especially in 2006, which coincides with the data shown in Figure 5 , wherein the Ångström exponents in the spring of 2006 were the lowest at around 0.6; this suggests that, in the spring 2006, dust particles were affected more severely than other years. The fine mode aerosol concentration is the highest in summer, with peak values that are nearly twice those of other seasons. Winter and autumn had similar coarse mode and fine mode aerosol peak dv{dlnr. The volume size distributions for both sites are consistent with the results suggested by the Ångström exponents. Spring seasons have the largest coarse mode aerosol similar to the research presented in [59, 60] . 
Single Scattering Albedo
SSA describes the absorbing characteristics of aerosol, with SSA « 1.0 referring to totally non-absorbing aerosols and SSA « 0.0 referring to totally absorbing aerosols. Actually, totally absorbing aerosols seldom exist and the SSA usually falls in the range of 0.7-1.0. There is no commonly accepted definition for the line separating absorbing and scattering aerosols. Figure 7 demonstrates the single albedos of the 440, 675, 870, and 1020 nm bands for both Beijing and Xianghe sites. According to Table 1 , seasons with retrieval number less than 40 were not included in Figure 7 because of their representativeness. For both Beijing and Xianghe sites, the summers have the highest SSAs, while winters have the lowest. The SSAs of spring and autumn were comparable.
However, in contrast to the previous aerosol properties, the inter-annual variations in the SSAs for these two sites were different. The SSAs of Beijing have been increasing slowly from 2005 to 2014. By 2014, the SSAs of the Beijing site for four bands were all around 0.9. The trends at the Xianghe site were different, as the SSAs of Xianghe decreased from around 0.9 to around 0.85. These results suggest that the absorbing characteristics in these two sites are different. 
Refractive Index
Refractive index, containing both real and imaginary parts, is an aerosol property than can be retrieved only for relatively high aerosol loadings (AOD 440 > 0.5) [17, 41, 44, 56] . The error in the real parts is on the order of 0.04, while it is 30%-50% for the imaginary parts. For low aerosol loadings, the uncertainty increased as the limited information reflected by aerosol particles. The imaginary parts of the refractive index are strongly related to the absorbing characteristics of aerosol: the larger the imaginary parts, the more absorbing the aerosol particles. Figures 8 and 9 show the real and imaginary parts, respectively, of the refractive indices for the Beijing and Xianghe sites. As suggested in Table 1 , data from several seasons were not included as the successfully retrieved results were too few to be analyzed. The average real refractive indices for all four bands (440, 675, 870, and 1020 nm) at both sites ranged from 1.45 to 1.55. Summers have the lowest average real refractive indices, while winters have the highest. Although there were some fluctuations, the real refractive indices were relatively stable from 2005 to 2014.
The imaginary refractive index is another way to describe the absorbing characteristics of aerosol particles. As suggested by Figure 9 , the imaginary refractive indices for both sites ranged from 0 to 0.02, suggesting that the aerosols at these two sites were not strongly absorbing but had certain absorbing characteristics. Winter and autumn usually have higher imaginary refractive indices, which suggests that aerosols are more absorbing in these two seasons. For the Beijing sites, the imaginary refractive indices decreased slowly while on the contrary, imaginary refractive indices at the Xianghe sites increased slowly, which suggests that aerosols at the Beijing site have become more scattering while aerosols at the Xianghe site have become more absorbing. This finding is consistent with the results from Figure 7 . 
Discussion
Long-term variations in AERONET monitoring data present a unique tool for the analysis of the aerosol properties. As shown in Section 3.1, AOD shows great fluctuations in summer, with less fluctuation in the other three seasons. By comparing the particle size characteristics of the two sites, it was found that the Xianghe site had more fine mode aerosol particles. Furthermore, aerosols at the Xianghe site have become more absorbing while aerosols at the Beijing site have become more scattering in the past decade. The fine mode fraction and Ångström exponent are both parameters that describe the size of aerosol particles. Long-term trends in the fine mode fractions and the Ångström exponent for the Beijing and Xianghe sites are shown in Figure 10 . The temporal trends for both the fine mode fraction and Ångström exponent have been similar in the past decade, indicating that these two parameters were similar in describing the sizes of aerosol particles. Similarly, SSA and the imaginary refractive index are two parameters describing the absorbing characteristics of aerosol particles. As shown in Figure 11 , a high negative correlation exists between these two parameters for the Beijing and Xianghe sites.
However, there are some limitations in the inversion products (refractive index and volume size distribution) of AERONET observations: refractive index is only retrieved when AOD is greater than 0.5, while volume size distribution is effective when AOD is larger than 0.05. These limitations may lead to some errors under low aerosol loading conditions. However, since the aerosol loadings in Beijing are relatively high, in the range of 0.84-1.02 for the 440 nm band, the effect of low aerosol loading is not significant. Haze-fog is a serious environmental problem in areas of Northern China including Beijing, which have heavy aerosol loadings. API is used to describe the air pollution level by considering the PM 10 , SO 2 and NO 2 contents in the atmospheric environment from 2000 to 2013. The use of API has stopped and new national ambient air quality standards that take into account PM 2.5 , PM 10 , O 3 , SO 2 and NO 2 have been released to replace API. Aerosol pollution (PM 2.5 and PM 10 ) is the major reason for the deterioration of the air quality in Beijing, especially during winter [36] . With the API publicized by the Ministry of Environmental Protection of People's Republic of China, the annual API declined from around 110 to 80 by the end of 2012 (the lower the API, the better the air quality) as shown in Figure 12 . According to the ambient air quality standard in 1996, a daily average API of less than 100 was considered to meet the air quality standards. Since 2006, the API has been declining steadily, which is not consistent with the results in Figure 1 because the AOD has not shown a comparable decline. Moreover, the API is greatest in the winter or spring seasons, while summer has the lowest API [61] , as shown in Figure 13 . The median or average seasonal APIs have declined since 2001. The intra-seasonal variations in AOD are different because summer usually has the greatest AOD. This is because the calculation of API takes into account of dry particle density while the retrieval of AOD does not correct for the hygroscopic growth of aerosol particles. Therefore, due to the high humidity in summer, the AOD and dry particle density are the greatest in summer and winter, respectively. The difference between the trends of AOD and API is that there was no obvious increase in 2010 and 2011. This might because the air quality standard released in 1996 did not consider PM 2.5 and thus underestimated the role of fine particulate matter [62, 63] . Furthermore, as suggested by Figure 5 , the fine mode aerosol fraction has increased, which indicates that fine aerosol particles (PM 2.5 ) might play a more important role in the deterioration of the air quality in Beijing. Haze-fog and dust storm events greatly affect human health. Air quality monitoring data and AERONET observations are two ways to measure pollution resulting from atmospheric particulate matter. During the serious haze pollution in 2013, AOD in 500 nm was higher than 1.5 and the fine mode AOD was 20 times of that of coarse mode AOD [64] , suggesting that AERONET observations could have different retrievals in haze days and non-haze days. In this paper, we analyze the Ångström exponent when the daily API is greater than 150 from 2005 to 2014 (for 2013 and 2014 API was not available and AQI data were used instead). Through the analysis of the daily Ångström exponent for high API days (shown as Figure 16 ), it was found that most days with the heaviest pollution had α larger than 0.6. For 2006 and 2009, α on high API days was close to 0.6. However, after 2010, α on high API days gradually increased to more than 1.0. These facts illustrate that, before 2010, the atmospheric aerosol pollutions in Beijing were affected by both fine and coarse mode aerosol particles, while after 2010, fine mode aerosol particles dominated.
By analyzing the daily average PM 2.5 and PM 10 concentrations in 2013 and 2014 (no public PM 2.5 concentrations could be obtained before 2013) for high AQI days, as shown in Figure 17 , the average ratio of PM 2.5 in PM 10 
Summary and Conclusions
Based on observations and retrievals at two AREONET sites in Beijing from 2005 to 2014, we present the optical and microphysical properties of aerosol from Beijing, including AOD, Ångström exponent, volume size distribution, SSA and refractive index. Measurements performed over 11 years show obvious intra-and inter-annual variations in the AOD in the Beijing area: summer has the largest AOD while winter has the lowest AOD. This trend seems to be different from the variation in API, which mainly takes into account the dry density of particulate matter: air quality is the worst in winter and the best in summer. This may be caused by the hygroscopic growth of aerosol particles under extreme humid summer seasons [65] . Furthermore, the observed trends suggested a steady improvement in air quality since 2006, while the AOD did not show such a trend. Although both heavy AOD occurrence (AOD440 > 2.0) and high API occurrence (API > 150) suggest that 2009 may be the year with the best air quality year, the following trends in these two indices are different: since 2009, there has been an increase in the heavy AOD occurrence but not in the high API. This suggests that fine aerosol particles may play a more important role in the deterioration of air quality of Beijing area.
Fine mode aerosol fraction, Ångström exponent and volume size distribution are three indices describing the size of aerosol particles. In both Beijing and Xianghe sites, the largest fine mode AOD and fine mode aerosol fraction are observed in summer. The fine mode AOD between autumn and winter are comparable. In the spring seasons, both sites show the largest coarse mode aerosol optic depth. Ångström exponent is an important index that describes the extinction ratio between different bands, with the higher value representing fine mode aerosol and the lower value representing coarse mode aerosol. Since 2005, fine mode aerosol ( > 0.6) dominates both sites, except in 2006 when coarse mode aerosol occupied a large fraction as got close to 0.6, which was later suggested by Figure 6 , which shows that the volume concentrations of large particles of 2006 were obviously different from that of other years'.
Single scattering albedo is used to describe the absorbing characteristics of aerosol particles. The single scattering albedo in the urban area of Beijing has been increasing slowly since 2005, while the aerosol particles at the Xianghe site has become more absorbing, indicating that the aerosol particles in the urban Beijing area and those in the area southeast to Beijing are different in absorbing 
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Based on observations and retrievals at two AREONET sites in Beijing from 2005 to 2014, we present the optical and microphysical properties of aerosol from Beijing, including AOD, Ångström exponent, volume size distribution, SSA and refractive index. Measurements performed over 11 years show obvious intra-and inter-annual variations in the AOD in the Beijing area: summer has the largest AOD while winter has the lowest AOD. This trend seems to be different from the variation in API, which mainly takes into account the dry density of particulate matter: air quality is the worst in winter and the best in summer. This may be caused by the hygroscopic growth of aerosol particles under extreme humid summer seasons [65] . Furthermore, the observed trends suggested a steady improvement in air quality since 2006, while the AOD did not show such a trend. Although both heavy AOD occurrence (AOD 440 > 2.0) and high API occurrence (API > 150) suggest that 2009 may be the year with the best air quality year, the following trends in these two indices are different: since 2009, there has been an increase in the heavy AOD occurrence but not in the high API. This suggests that fine aerosol particles may play a more important role in the deterioration of air quality of Beijing area.
Fine mode aerosol fraction, Ångström exponent and volume size distribution are three indices describing the size of aerosol particles. In both Beijing and Xianghe sites, the largest fine mode AOD and fine mode aerosol fraction are observed in summer. The fine mode AOD between autumn and winter are comparable. In the spring seasons, both sites show the largest coarse mode aerosol optic depth. Ångström exponent is an important index that describes the extinction ratio between different bands, with the higher value representing fine mode aerosol and the lower value representing coarse mode aerosol. Since 2005, fine mode aerosol (α > 0.6) dominates both sites, except in 2006 when coarse mode aerosol occupied a large fraction as α got close to 0.6, which was later suggested by Figure 6 , which shows that the volume concentrations of large particles of 2006 were obviously different from that of other years'.
Single scattering albedo is used to describe the absorbing characteristics of aerosol particles. The single scattering albedo in the urban area of Beijing has been increasing slowly since 2005, while the aerosol particles at the Xianghe site has become more absorbing, indicating that the aerosol particles in the urban Beijing area and those in the area southeast to Beijing are different in absorbing characteristics. The large amount of coal combustion and wheat straw burnings in Hebei province may be the major reason for the difference in the absorbing characteristics [66] . Refractive index comprises real part and imaginary part that is related to the absorbing characteristics. The trends in the imaginary refractive indices at the Beijing and Xianghe sites are similar to those for the single scattering albedo.
Considering that aerosol is the major contributor to air quality deterioration, API calculated based on the near surface concentrations of PM 10 Moreover, the AOD is the largest in summer while the API is the largest in spring and winter. The reason may be that the hygroscopic growth of aerosol particles under humid summer atmosphere has increased the AOD with less dry particles. Humidity correction is necessary to retrieve fine particulate matter concentrations from the column properties of aerosol. Analysis of α during high API days suggests that, in 2006 and 2009, coarse mode aerosol may have made a significant contribution to atmospheric pollution. After 2010, the fine mode aerosol particles have played more important roles in atmospheric pollution, suggesting that a decrease in the dust source of aerosol in Beijing. Analysis of more specific hourly pollutant concentration in 2013 and 2014 has revealed that PM 2.5 ratio in particulate matter is as high as 85.89% in 2013 and 74.96% in 2014, suggesting that fine particulate matter is the major contributor to air pollution on heavy polluted days. Finally, although the API suggests that the air quality in Beijing has improved, surface based AERONET observations suggest that there is no obvious improvement in the AOD. Furthermore, the increasing fine mode fraction of aerosol suggests that the API without considering PM 2.5 may be the reason for the difference in the trends of AOD and API.
